Effect of strain and barrier composition on the polarization of light emission from AlGaN/AlN quantum wells For AlGaN-based multi-quantum-well light emitters grown on c-plane substrates there is a tendency for the polarization of the emitted light to switch from transverse electric (TE) polarization to transverse magnetic (TM) polarization as the wavelength decreases. This transition depends on various factors that include the strain in the quantum well. Experimental results are presented that illustrate the phenomenon for nitride light emitting diodes (LEDs) grown on sapphire and on bulk AlN. Model calculations are presented which quantify the dependence of the TE/TM switch on the quantum well strain and the Al composition in the barriers surrounding the well. The AlGaN alloy system is employed to construct light emitting diodes (LEDs) and lasers operating in the deep ultraviolet (UV). An extreme example of such is the p-n junction LED in AlN that emits light at a wavelength of 210 nm. 1 For AlGaN-based light emitters grown on c-plane substrates, several studies indicate that the polarization of the emitted light switches from transverse electric (TE) polarization to transverse magnetic (TM) polarization as the wavelength decreases. [2] [3] [4] [5] This phenomenon is illustrated in Figure 1 where we plot measured polarization for light emitting devices as a function of the wavelength.
A crossover from TE to TM polarization at short wavelengths is an issue for light extraction from top or bottom emitting UV LEDs grown on the c-plane because light that propagates along the c-axis must have TE polarization. It is, therefore, desirable to engineer the active region so that TE polarization is achieved. 6, 7 In this paper, we demonstrate experimentally that the polarization of the light can be controlled by engineering the strain state of the active region. In addition, we present model calculations which quantify the dependence of the polarization on strain and quantum confinement of the holes in the active region.
To illustrate the effect of strain on the polarization of light emitted from AlGaN LEDs grown on c-plane we grew identical LEDs on either sapphire or bulk AlN. The growth and characterization of pseudomorphic AlGaN heterostructures on AlN substrates is described elsewhere. 8 In each case, the light emission occurred at about 253 nm. Small differences in the wavelength arise from substrate dependent variations in the Al composition in the active zones, from variations in the quantum well widths, and from the change in the strain state. For example, our model shows that a change in quantum well strain by 1% can shift the wavelength by $6 nm. The integrated in-plane-emitted TE and TM polarized electroluminescence light intensities, denoted by I TE and I TM , were measured for each device with the setup described in Ref. 3 . When these LEDs were fabricated in material grown on sapphire, the polarization was predominantly TM, but when the same device structure was grown on bulk AlN, the polarization was strongly TE. For three devices grown on sapphire (devices 2, 3, and 4 in Fig. 1 ), we find P ¼ (I TE -I TM )/(I TE þ I TM ) to be negative, indicative of TM polarization. The small variations in P (DP ¼ 0.2) arise from different template preparation, e.g., slight differences in template composition and strain due to unintentional variations in growth processes. For an identical device grown on bulk AlN (device 1 in Fig. 1 ), we find a dramatic difference: P > 0.75. Below, we present model calculations to show that this large increase in polarization is due to the change in the strain state of the quantum wells.
The polarization of light emitted from an AlGaN quantum well laser or LED depends on the character of the lowest energy hole excitation in the quantum well (QW). If the lowest energy excitation is a heavy hole, then TE polarization is obtained. If the lowest energy excitation is a split-off hole, the polarization is TM. [2] [3] [4] [5] [6] [7] The character of the lowest energy hole state in the QW depends on the Al composition and changes from heavy-hole to split-off-hole at a certain Al composition x s . When the Al composition in the QW exceeds x s , the polarization of the emitted light switches from TE to TM.
Calculations of the quantum well state energies were performed with a kÁp band structure model appropriate for strained wurtzite AlGaN as discussed by Chuang and Chang. 9 The purpose of the calculations is to determine the dependence of x s on the strain in the QW and the Al composition in the AlGaN barrier surrounding the quantum well. For most of the calculations we employ a single QW of width 3 nm, as this is typical for LEDs. We include partially screened spontaneous and piezoelectric polarization fields in the model. The band structure parameters entering the model have been discussed in the literature. [9] [10] [11] [12] [13] These parameters are listed in Table I .
To determine the strain in the active region, we assume that the well and barriers have been grown pseudomorphically on a substrate such as bulk AlN or Al y Ga 1Ày N. The Al composition y of the thick substrate fixes the in-plane lattice constant of each material in the structure. Variation of the parameter y is a convenient means to explore computationally a range of different active region strain states. The Al composition of the barrier is denoted x bar , and the Al composition of the well is denoted as x well (x well < x bar < y).The inplane lattice constants of the well and barrier are assumed to be the same as the substrate, and the strains in the well and barriers are obtained by employing Vegard's law to determine the lattice constant of relaxed AlGaN.
We have calculated the energies of the QW states for selected combinations of y, x well , and x bar . The energies of the hole states are obtained by solving the coupled effective mass equations 9 at the C point (k x ¼ k y ¼ 0) of the twodimensional Brillouin zone À@ z ðk13ðzÞ @ z ðg1ðn;zÞÞÞ þ V hh ðzÞ g1ðn;zÞ ¼ eðnÞg1ðn;zÞ;
(1a)
À @ z ðk13ðzÞ @ z ðg2ðn;zÞÞÞ þ V lh ðzÞ g2ðn;zÞþDðzÞg3ðn;zÞ
À @ z ðk1ðzÞ @ z ðg3ðn;zÞÞÞ þ V ch ðzÞ g3ðn;zÞþDðzÞg2ðn;zÞ
The effective mass terms k13(z) and k1(z) are determined by the parameters A1 and A3 and depend on the alloy composition. The potential terms V hh (z), V lh (z), V ch (z), and D(z) depend on the elastic constants, deformation potentials, and the spin-orbit and crystal field splitting. 9 Values for these band structure parameters are listed in Table I 
, and g3 allows us to determine the character of the hole states. TE polarized emission results when the lowest energy hole excitation is dominated by g1, and TM polarized emission results when the lowest energy state is dominated by g3. Typically, we perform a series of calculations employing different values of x well for fixed y and x bar . From these calculations, we may determine x s (y,x bar ).
The two envelope functions shown in Fig. 2 correspond to a heavy-hole state and a split-off hole state. These functions were obtained for y ¼ 1 and x bar ¼ 1. The state on the left was obtained for x well < x s and is dominated by g1, while the state on the right was obtained for x well > x s and is dominated by g3. Due to the smaller effective mass of the splitoff holes, the envelope function for the split-off hole state is less localized than that for the heavy-hole state. The split-off hole energy is, therefore, more sensitive to the barrier potential than the heavy-hole state, and that is why changing the Al barrier composition can affect the relative energies of these two hole states. Table II shows the dependence of x s on the Al composition in the barrier. In this set of calculations, the quantum well thickness was fixed at 3 nm, and the layers are assumed to be grown pseudomorphically on AlN (y ¼ 1.0). The barrier composition is varied from x bar ¼ 0.7 to x bar ¼ 1.0. The critical Al composition for switching x s increases as the barrier composition increases. By increasing x bar from 0.7 to 1.0 one can extend the wavelength range for which TE polarization is obtained by about 15 nm. This dependence on x bar arises because for a given x well a larger barrier composition leads to greater degree of confinement of the wave-functions within the well. Since the effective mass for the states with p z -character (g3) is less than the mass of the states with p x and p y character (g1 and g2), the hole states with g3 character are more sensitive to confinement. The energies of states with g3 character are pushed to relatively higher values by the quantum confinement and this favors occupation of the heavy-hole state giving rise to TE polarization. For x bar ¼ 1.0, the model indicates that TE polarization may be obtained for values of x well up to about 0.75 corresponding to a wavelength of around 230 nm. To examine the effect of the quantum well width on x s , we considered the system with y ¼ 1.0 and x bar ¼ 0.7. This set of structural parameters is relevant for lasers grown on bulk AlN substrates and designed to lase near 250 nm. We determined x s for well widths ranging between 2 nm and 5 nm and found variations in x s of less than 0.01 for well widths in this range.
Achieving TE polarization at short wavelengths requires that the AlGaN in the quantum well be compressively strained. This can be achieved via pseudomorphic growth on bulk AlN where the in-plane lattice constant a QW of the AlGaN QW remains equal to that of bulk AlN. If relaxation occurs, so that a QW becomes larger than that of bulk AlN, the onset of TM polarization shifts to lower values of x well and longer wavelengths. This effect is quantified in Fig. 3 , where we plot the minimum wavelength at which TE polarization can be achieved (k min (TE)) as a function of the relaxation of the in-plane AlGaN lattice constant in the well. As a QW -a bulk-AlN becomes larger, k min (TE) increases. k min (TE) also depends on the Al composition of the barrier: larger values of x bar enable shorter wavelength light to exhibit TE polarization. Figure 4 shows a plot of the strain, e ¼ (a QW -a relaxed )/ a relaxed , that is required to achieve TE polarization at prescribed wavelengths in AlGaN quantum wells. The results correspond to the case of a 3 nm well embedded in barrier material with 70% Al. These parameters are typical of devices grown on AlN and designed to emit near 250 nm. This plot shows, for example, that if light emission with TE polarization at 268 nm is desired, then the strain should be less (more compressive) than À0.0037. For a QW composed of Al 0.5 Ga 0.5 N (which will emit light at approximately 268 nm) that is grown pseudomorphically on bulk AlN, the strain in the QW is e ¼ À0.0125. TE polarization of the $268 nm light emission is therefore expected in such a structure. Figure 4 illustrates and quantifies the general point: as the strain in the quantum well becomes more compressive, it becomes possible to achieve TE polarization at shorter wavelengths. Devices 1-4 shown in Figure 1 have x bar $ 0.7 and emit at 253 nm. According to computational results presented in Fig. 3 , the polarization will switch from TE to TM depending on the strain in the quantum well. For an active region that is pseudomorphic to bulk AlN, a QW -a bulk-AlN ¼ 0, and the expected polarization is TE, in agreement with the measurement for device 1. For devices 2-4 grown on sapphire, we propose that the strain state of the active regions corresponds to a QW -a bulk-AlN > 0.01 Å . In these devices, the compressive strain in the active region is less than that required for TE polarization.
Wunderer et al. reported 8 optically pumped lasing at 267 nm in a pseudomorphic AlGaN layer grown on a bulk AlN c-plane substrate. The QW was $5 nm thick and x well $ 0.5. The wells were surrounded by barrier material having an Al composition of x bar $ 0.6. The polarization of the emitted light was determined to be TE. The model presented here indicates that TE polarization would indeed be expected for a pseudomorphic structure with x well ¼ 0.5, x bar ¼ 0.6, and a well width of 5 nm. TE polarization would be maintained even if there were some relaxation of the in-plane lattice constant: the model indicates that TM polarization for this structure would occur only if the AlGaN in-plane lattice relaxed by an amount greater than $0.02 Å .
Kawanishi et al. reported experiments for AlGaN QWs indicating TM emission at around 241 nm for quantum well compositions of 0.67 and barrier compositions of around 0.76. 2, 4 These structures were grown on 1.5 lm thick AlN layers which were themselves grown on AlN/GaN multibuffer layers on SiC substrates. The strain state of the quantum well was not specified. If we assume the material is pseudomorphic to bulk AlN (y ¼ 1 and x bar ¼ 0.76), then we find that the crossover from TE to TM occurs at around x well ¼ 0.665. Thus, we expect the quantum well with x well ¼ 0.67 to be just on the TM side of the TE/TM boundary. If we assume instead a substrate lattice constant corresponding to that of Al 0.9 Ga 0.1 N (y ¼ 0.9), then the quantum well will be less (compressively) strained (e ¼ À0.0058). For y ¼ 0.9 and x bar ¼ 0.76, we find the crossover from TE to TM occurs at x well ¼ 0.625, so light emission for a composition of 0.67 will again be TM polarized. In either case, our model is consistent with TM polarization as reported by Kawanishi. In summary, we report model calculations which quantify the dependence of polarization of light emission on Al barrier composition and strain for AlGaN light emitting devices. The results show that both factors are important in controlling the polarization. The results are in agreement with measurements for optically pumped-lasers (267 nm) and LEDs (253 nm) grown pseudomorphically on bulk AlN. 
